Targeted deletion of the gene for GDF11, a novel member of the TGFβ β family, has been found to cause an increase in the number of thoracic and lumbar vertebrae in the mouse. This is the first hint that a secreted factor may influence the specification of segment identity.
The Hox genes have been shown to have important roles in specifying segmental characteristics along the anterior-posterior axis; some signalling systems have also been implicated in axial development, apparently by modulating Hox gene expression [1] [2] [3] . This field now has a new player [4] -growth/differentiation factor 11 (GDF11), a member of the transforming growth factor β (TGFβ) family of secreted signalling molecules. Mice with targeted deletions of the Gdf11 gene have been found to display extensive morphological changes throughout the axial skeleton, resulting in the formation of additional thoracic and lumbar vertebrae at the expense of caudal segments [4] . GDF11 may be the first secreted signalling molecule shown to play a role in the specification of the segmental characteristics of vertebrae, and thus offers a functional link between cell-cell interactions and axial patterning.
Gdf11 was isolated as a gene coding for a novel member of the bone morphogenetic protein (BMP) subgroup of the TGFβ family [5, 6] ; later, it was found to be more related to Gdf8, an essential gene that encodes a protein also known as myostatin, a negative regulator of muscle growth [7] . Other members of the GDF family have different functions during development (Table 1) . For example, GDF5 has a critical role in chondrogenesis, whereas GDF9 is required for the formation of ovarian follicles. Like other GDFs, GDF11 has seven conserved cysteine residues, and it shows 90% sequence identity across this region with GDF8 [5, 6] . During normal embryonic development, Gdf11 is expressed in the somitic precursors; its expression is also seen in the maxillary process, mandibular and hyoid arches, the limbs and parts of the brain.
Consistent with these observations, mice homozygous for a targeted deletion of Gdf11 were found to show palatal malformations and defects of vertebral morphogenesis [4] . Most strikingly, the mice were found to have an elongated trunk and a much reduced or absent tail. This elongation was primarily the result of an increase in the number of thoracic segments, from the usual 13 to 17 or 18; furthermore, the vertebrae appeared to have acquired more anterior characteristics. This mutant phenotype was interpreted as being due to a global homeotic transformation of the vertebrae to more anterior developmental fates (Figure 1 ) [4] .
As a consequence of the extended thoracic and lumbar regions of the mutant mice, their hindlimbs are located more posteriorly along the body axis than normal -they seem superficially to be the mouse equivalent of the dachshund breed of dog, which has a proportionally longer trunk than other canines. In heterozygous Gdf11 +/-mice, the skeletal defects are much milder, suggesting that Gdf11 acts in a dosage-dependent manner. It is important to note that deformities were not observed in the cervical vertebrae. This is consistent with the notion that the first six to eight somites -the ones that form the occipital bone and upper cervical vertebrae -are already specified before Gdf11 expression initiates in the somitic precursors of the primitive streak at late gastrulation.
The mutant phenotype strongly suggests that, when the vertebral column develops in the absence of GDF11, a posteriorising signal is missing, allowing some somites to acquire a more anterior morphology than usual. Does GDF11 act as a negative regulator of anterior vertebral morphogenesis, in a similar manner to the suppression of muscle growth by the closely related GDF8? In the homozygous Gdf11 mutant, an apparently normal number of somites is formed by late organogenesis. This suggests that, although Gdf11 is expressed in the tissue compartments -presomitic mesoderm, primitive streak and tail bud -where the recruitment and segmentation of the paraxial mesoderm take place throughout the whole period of axis formation, the loss of its function may have little impact on the initial phases of somitogenesis. The homeotic changes of the vertebrae point, rather, to GDF11 having an essential role in the specification of segmental identity by regulating the differentiation of the sclerotomal tissues. This raises the possibility that the loss of GDF11 function has an effect on the differentiation of the prevertebral tissues at a stage later than the onset of transcriptional activity, that is, when cells are about to undergo vertebral morphogenesis.
McPherron et al. [4] suggest that GDF11 is a secreted molecule that affects cells that are more anterior to where its mRNA is produced. So, if the protein is indeed secreted, what are the target cells of GDF11 and what is the immediate biological effect on the responding cells? The answers to these questions hinge on the localization of the GDF11 protein and its receptors in the somitic tissues of the embryo. Interestingly, mutation of one of the activin receptors, the type IIB receptor [8] , results in mutant mice with skeletal defects similar to those of the Gdf11 mutant. Furthermore, type IIA and type IIB activin receptors are known to bind TGFβ molecules, such as BMP7, and therefore may also act as GDF11 receptors -but if they do, they may not be the sole GDF11 receptors, given the more severe skeletal defects of Gdf11 mutants, compared to the activin receptor mutants.
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Figure 1
Homeotic changes of the axial skeleton in Gdf11 mutant mice. The normal seven cervical vertebrae are formed, but both the sixth and seventh segments are decorated with the anterior tubercle (asterisks), characteristic of the normal sixth cervical vertebra. There are additional rib-bearing thoracic vertebrae, with an extra four or five ribs fused to the posterior aspect of the sternum. The vertebrae generally display more anterior characteristics. For example, the transitional articular and spinous processes (arrows) normally found on the tenth thoracic vertebra are now situated on the thirteenth thoracic vertebra. One to three extra lumbar vertebrae are formed, but there are fewer sacral and caudal vertebrae which are often fused and malformed. The overall effect is the lengthening of the thoracic and lumbar part of the backbone at the expense of the pelvis and the tail. How is GDF11 integrated into the molecular mechanisms of anterior-posterior patterning of the axial skeleton? In the Gdf11 mutant, the expression domain of four Hox genes is altered: the Hoxc6 and Hoxc8 expression domains are extended to include more posterior prevertebrae, whereas those of Hoxc10 and Hoxc11 are shifted posteriorly relative to the position of the limb buds. These changes are consistent with the adoption of thoracic and lumbar characteristics by the trunk vertebrae. A recent study of python embryos [9] has shown that the persistent expression of Hoxc6, Hoxc8 and Hoxb5 is associated with the formation of a vertebral column almost exclusively of thoracic identity in the trunk of the snake. It would be intriguing to determine the activity of Gdf11 in the snake paraxial mesoderm. If indeed Gdf11 is required for the acquisition of a posterior segment identity, one would expect that the Gdf11 equivalent is functionally inert or even absent in the snake.
From comparative studies, it appears that the mammalian Hox genes have evolved from a single ancestral cluster to four gene clusters [10] . These genes encode transcription factors with significantly overlapping expression domains and functions, providing a system with considerable functional redundancy. Hox genes are recognised to be important in developmental processes, particularly in the patterning of embryonic organs/structures including, axial skeleton and limbs [10, 11] . But the functional role of Hox genes during vertebral development is still not clearly understood. In the mouse, gain-of-function perturbations of Hoxc6 and Hoxc8 cause anterior transformation of the axial skeleton, such that the segmentally posterior vertebrae acquire a more anterior phenotype, similar to the Gdf11 mutant. But loss-of-function mutation of Hoxc8 causes a similar phenotype, emphasizing the complexity of the system.
Analysis of the Gdf11 mutant phenotype has provided strong genetic evidence that the four Hoxc genes are functionally downstream of Gdf11 activity. The obvious questions to ask are whether a GDF11-activated cellular pathway interacts directly with these Hox genes, which then are responsible for the specification of segment identity, or whether the expression patterns of these Hox genes are just an indirect reflection of the change in segment identity. It is not clear from the Gdf11 study [4] which is more likely. But there are examples of functional interactions between cellular pathways activated by TGFβ molecules and genes coding for homeobox-containing proteins, such as those between BMP-4 and PV.1 [12] and Dpp and tinman [13] . The confounding issue in the Gdf11 mutant mice is that the four homeobox genesHoxc6, Hoxc8, Hoxc10 and Hoxc11 -are expressed inappropriately in somites before any overt sign of vertebral morphogenesis has occurred. To resolve the functional relationship between GDF11 and the Hox genes, it will be important to establish the relative timing and cellular specificity of their actions. It will also be important to determine the intracellular pathway that presumably links GDF11 to transcription factors inside the cell.
